Ihe objective of this work was to investigate the high temperature low cycle fatigue properties of a mechanically alloyed and oxide dispersion strengthened N&base superalloy MA 760. The push-pull fatigue tests at d&rent strain rates using specimens of two ditferent gram orientations (longitudinal, L and long transverse, LT) were carried out at temperatures of 650 'C, 950 'C and 1050 "C. The control parameter in all tests was the total strain amplitude. Atler the tests, detailed fractographical and microshuctural studies using optical microscopy, scanning electron microscopy and analytical electron microscopy were carried out. In this paper, the main emphasis is placed on the fatigue crack initiation mechanisms and their dependence of fatigue test parameters and grain orientations. Also, a brief overview of the mechanical behavior of MA 760 during high temperature cyclic straining will be presented.
Introduction
Oxide dispersion strengthened (ODS) superalloys form one of the new materials groups developed in search for materials with better properties in extreme operating conditions. They maintain their high strength and good corrosion resistance at higher temperatures better than conventional superalloys, and are therefore of great interest, for example, to designers of gas turbine engines (Ref. 1) . ODS superalloys are produced by mechanical alloying process (Ref. 2) followed by conventional processing and heat treating processes, including extrusion, hot rolling, recrystallization-and Y'-precipitation heat treatments. The excellent properties of ODSalloys are due to the very tine dispersion of stable, incoherent oxide particles, formed during the mechanical alloying process. These particles act as barriers to the movement of dislocations (Ref. 3) . ODS Ni-base superalloys can also be strengthened by coherent y'-precipitates. The y'-strengthening is acting effectively at lower temperatures than dispersion strengthening, which becomes dominant at temperatures above 1000 "C (Ref. 4) . After recrystallization heat treatment, the grain &ructure of ODS-alloys is very coarse and the grain aspect ratio is large. Together with serrated grain boundaries, the microsbuctures that develop result in properties that are necessary for high temperature service, where the amount of transverse grain boundaries should be minimized (Ret: 5).
The design criteria for components made of ODS-alloys are not up to date and suflicient due to the lack of experimental data. In 369 addition, the high temperature micromechanisms and microstructures produced by the deformation processes are not well enough established. This is especially true for the MA 760, a modified more corrosion resistant version of the well known alloy MA 6000. In this paper, we report the low cycle fatigue properties of MA 760 at elevated temperatures putting the main emphasis on the crack initiation and crack propagation mechanisms.
Material and experimental techniuues
The test material, a mechanically alloyed N&base ODS superalloy MA 760, was delivered by INCO Alloys Ltd., Hereford, U.K. The material was produced in the form of bars of rectangular crosssections. The bars were of two different cross-sections, SCS (2OOmmx6OOmm) and LCS (32Ommx95Omm). The SCS-bars were completely produced at Hereford, whereas the tinal recrystallization heat-treatment of the LCS-material was performed at Asea Brown Boveri, Baden, Switzerland. Compositions of the delivered bars are presented in Table I . The final heat treatment of the SCS bar was 0.5 h at 1100 'C, furnace cooling with 60 "C/h to 600 "C, followed by uncontrolled furnace cooling. The heat treatment procedure for the LCS bar was the same with the exception that the sohttioning temperature was 1120 "C. The SCS material was aimed for mechanical testing in the Ldirection and the LCS material in the LT-direction. The orientation of the fatigue specimens relative to the grain orientation and the extrusion direction are presented in Figure 1 . The push-pull fatigue tests were carried out with a MTS TestStarW microcomputer based servohydraulic materials testing system. In all tests, Ast was used as a control parameter. A symmetrical triangular wave shape (R= -1) was applied using the strain rates of 0.5 s-l (fast, F) or 0.05 s-l (slow, S). The tests were carried out at three ditherent temperatures specified in Table II Crack initiation During low cycle fatigue, several different damage accumulation processes are active simultaneously, and the crack initiation takes place at the weakest link in the microshucture. In the L-samples, the initiation sites fall into several categories. The most frequent initiation site seems to be a longitudinal gram boundary crossing the specimen surface; in this case the initiation site can be considered to be at the specimen surface. In Figure 2 , a SEM image of a typical example falling into this category is presented. The magnification of this image is rather low and the boundary indicated by an arrow is not easily visible, but the opened boundary is more clearly visible in Figure 3 taken from the surface of sample 7. Convincing evidence of crack initiation at the opened boundary is also given in Figure 3 , which clearly illustrates secondary cracking at the boundary crossing the specimen surface. Crack initiation at these boundaries is enhanced by oxidation effects. The high energy level, carbides and y'-film along the boundaries (Ref. 8) promote the oxidation of the boundaries. %^ .^ Figure 3 . Longitudinal opened boundary on the surface of specimen 7. Crack initiation takes place at the opened boundary.
Occasionally individual small grams or a group of small grains were also observed to act as initiation sites in L-samples. These grains lie near the specimen surface, in some cases extending to the surface itself However, in all observed cases the distance to the tiee surface was no more than 0.1 mm. The reason for the easy crack initiation at these sites can be understood by noting that the boundaries around small grams are very susceptible to the opening phenomenon (Ref. 9) . It is believed (Ref. 10) that one reason for the susceptibility of the fine grams to fatigue damage is related to the differences in the crystallographic orientation between the large and small grains, resulting in high local stress concentrations at fine gram boundaries during loading. Also, if the high angle boundaries associated with the small grains extend to the specimen surface, they will be favorable sites for oxidation damage. In the L-samples crack initiation at subsurface inclusions was detected in two cases. In sample 6 an Al-rich inclusion containing 5% copper was found at the initiation site, and in sample 16 a Cr-rich inclusion had initiated the crack.
The crack initiation sites in the LT-samples were only, except for test 25, at transverse boundaries crossing the specimen surface as illustrated in Figure 4 . The initiation sites were similar to those found in the L-samples, the only difference being the orientation of the boundaries. Only in one case initiation at an inclusion clearly inside the specimen was observed. In this case, the observed Alrich defect was an exceptionally large one, approximately 0.5 mm in all three dimensions, and situated in a narrow grain with a width of approximately the same as the diameter of the inclusion. On the basis of the crack initiation studies it may be concluded that the boundaries are the weakest link in the alloy MA 760. #en the initiation of a crack was associated with an inclusion or small grains, no drastic effect on the fatigue life, expressed e.g. as Coffm-Manson-type plots, can be found. The fatigue lives of the LT-samples are shorter to those of the L-samples, a phenomenon clearly related to the damage accumulation during the crack initiation period. This leads to the conclusion that the damage accumulation at the sites of the intersecting boundaries and free surface in LT-samples is faster than in L-samples. One possible explanation for this behavior is, if oxidation effects are assumed to be identical, that there exist higher stress concentrations at crack initiation sites in the case of LT-samples. Indeed, this may be the case, because in each of the LT-samples there existed at least one packet of narrow grains crossing the free surface, as illustrated also in Figure 4 . The boundaries of these grains were of the high angle type, an observation based on the large contrast differences between individual grains. In fact, the crack initiation site in every LT-sample (except sample 25) was associated with these packets of tine grains. It can be assumed that the local stress concentrations are higher at these sites compared to the situation in L-samples, where the initiation site was associated with a single bouudaxy of low angle type. This explanation could account for the smaller strain rate dependence (a smaller role of time dependent damage accumulation) in LT-samples compared to the L-samples. Also, it is possible that the damage accumulation due to oxidation at these high angle boundaries is faster than at (in most of the cases) low angle boundaries in L-samples.
Surface studies
The aim of the surface studies was to investigate the effects on the specimen surface that could be involved in the crack initiation processes. A common phenomenon observed was the opening of the boundaries at the specimen surface, acting often as a site for crack initiation. Other surface effects include oxidation of the boundaries of small grains and oxidation of inclusions. However, obviously the damaging effects of these changes are small compared to the opened boundaries, because they were only occasionally involved in the crack initiation, although the opening susceptibility of the boundaries around small grains seems to be higher than that of the boundaries between large grains. The oxidation of these sites, as well as the overall oxidation of the surface, was negligible at 650 "C but became more pronounced at higher temperatures.
A general feature in all samples fatigued at 950 "C and at 1050 T was the presence of unevenly spaced slip lines (max. length 2 mm measured along the specimen surface). Also the presence of short, ca. 0.1 -0.5 mm, slip line piles was observed. The amount of the lines clearly increased with decreasing strain rate. Also the increasing temperature had the same, although not so pronounced, effect. This behavior has been previously reported by Elzey and Arzt (Ref. 11) for IvlA 6000, but only at high plastic strain amplitudes. Generally the dispersoid particles are regarded to promote slip dispersal compared to non-ODS alloys. However, it should be pointed out that the density of the slip lines in the gauge length was not generally uniform. As a rule, most of the specimen surface was completely f&e of slip lines and the lines concentrated into a relatively narrow band near the fracture surface. In the tests conducted at 950 'C, only relatively few single lines in the bands of width less than one millimeter were detected, and generally they were associated with the boundaries of fine grains, as illustrated in Figure 5 . The band width increased with increasing temperature and decreasing strain rate. The existing lines form a site for microcrack initiation, but normally these microcracks do not determine the fatigue life of the sample. Rather it seems that the primary crack is initiated at a point where an individual slip line crosses an opened boundary, as ill~ated in the Figure 6 . From the observations mentioned above, the deformation at 950 "C seems to be much more concentrated into fewer slip lines than at 1050 "C. According to these results the formation tendency of the slip lines becomes marked at 1050 "C (above y' solidus). Also the lowering of the strain rate seems to have an effect of the same trend. The slip lines can extend themselves over considerably long distances along the surface and secondary stage I cracks initiate at these sites. The cracks grow transgranularly and the longest observed cracks extended 50 pm into the grains. In the tests conducted at 950 'C, this short crack growth behavior revealed one of the deformation mechanisms to be y' cutting. This is illustrated in Figure 7 , in which the tip of a I5 pm deep crack is presented. Clearly at the very tip of the crack, cut y' particles are present, indicated by an arrow. Occasionally slip lines were observed in the sectioned surface of the samples and only in the etched condition. In these cases the lengths of these lines varied from 10 to 30 urn. Also in these areas of intense deformation, the process of y' cutting was clearly detectable. The slip lines were not observed in series L65OF tests, but in all other tests they were detected occasionally in the longitudinal section of the samples. It is worth mentioning that this could also be an etching artifact caused by the y' dropping-off from the etched surface. However, milder etching conditions did not reveal a marked increase of the slip lines and therefore it is assumed that the dropping-off does not play a significant role. A general view of the area of an abnormally high density of slip lines is presented in Figure 8 . Normally the indexing of the slip line patterns is based on determining the loading axis and side surface orientations by, e.g. Laue X-ray technique. This tedious procedure is commonly applied to single crystals, but it can be applied to large grained materials also. However, the Laue method was not used in this study, but instead an approximate method was applied. The procedure in this method was as follows: 1) measurement of the angles between traces of three { 111) -type slip planes on a longitudinal section of uuknown indeces, 2) calculation of the angles between the trace vectors of { 1 1 1 } -type planes on different hkl-planes, and 3) comparison of the calculated angles with the measured ones using a computer program developed for this purpose (Ref. 12) . The angles of the traces of the other two planes with the almost vertical one were both measured and found to be 58 degrees. In the calculations, error limits of fl degree for the measured angles were used and the value of 10 for the highest index of the unknown plane was chosen. It was found that the indices of the unknown plane were of type { 10 10 9). The calculations indicated that the two inclined slip planes must be the primary and the critical slip plane with angles of 57.3 degrees with the vertical { 1 1 1 } -type plane.
'Ihe Schmid factor for the primary slip system (117 ) [lOl] , as well as for the critical slip system (lll) [lOi] is l/h = 0.408.
On the other hand, for the conjugate slip system (1 i l)[llO] and for the cross slip system (1 1 1 ) [lOl] the factor is zero, so that only the primary and the critical slip systems can be active in the SCS material. The vertical slip lines observed are thus probably an indication of the dislocation reactions between the primary and the critical slip planes.
Conclusions
Most of the cyclic life of MA 760 is spent in the fatigue initiation stage. The crack initiation is enhanced by the oxidation of the boundaries crossing the free surface of the sample, which in most of the cases act as crack initiation sites.
The inferior fatigue life, as well as the minor strain rate effects on the fatigue life of the LT-samples compared to the L-samples are due to higher stress concentrations at the fatigue initiation sites. This, in turn, results from the differences in the crack initiation sites. In the L-samples the initiation site in most cases is the low angle boundary crossing the specimen surface. In the LT-samples, the mitiation site most commonly is a packet of narrow grams separated by high angle boundaries and crossing the specimen surface. .
The tendency for heavier slip line formation in the specimen surface increased with increasing temperature and decreasing strain rate. At lower temperatures the deformation was concentrated into fewer slip lines indicating that the homogeneity of the deformation increases with increasing temperature. The crack initiation site was commonly the intersection point of a slip line and a boundary weakened by oxidation.
Slip line observations on the cross-sections of the L-samples fatigued at 950 "C show that the operative slip systems during cyclic straining are primary and critical slip systems. Also slip lines belonging to the cross or conjugate systems were found, but the S&mid factor in these systems is close to zero. Therefore it is concluded that these lines are a reaction product between the primary slip plane and the critical slip plane.
